Abstract-Transmission line resonators is often a preferable choice for coils in high field magnetic resonance imaging (MRI), because they provide a number of advantages over traditional loop coils. The size of such resonators, however, is limited to shorter than half a wavelength due to high standing wave ratio, which leads to inhomogeneous field distribution along the resonator. In this work, it is demonstrated that the resonator length can be extended to over half a wavelength with the help of series capacitors. The approach allows for reduced standing wave ratio and improved field homogeneity. Achieved magnetic field distribution is compared to the conventional transmission line resonator. Imaging experiments are performed using 7 Tesla MRI system. The developed resonator is useful for building coils with large field-of-view.
I. INTRODUCTION
Radio frequency coils are used for generation and sensing alternating magnetic fields in MRI systems. While loop coils is a conventional choice for low field (low frequency) MR systems [1] - [3] , transmission line sections operating in standing wave mode are often used in high field systems [4] - [6] . The maxima and minima of the standing wave result in inhomogeneous field generated by the coil. Such inhomogeneity leads to degradation of MR image quality.
Several approaches to improve field homogeneity for transmission line resonator have been suggested in the literature. These include implementation of alternating impedance transmission lines [7] , [8] metamaterial inspired structures [9] , [10] , and substituting coil with several shorter coils with individual feeding [11] . In this work, the approach of segmenting transmission line coil with series capacitors is applied. The approach resembles the one used in loop coils, where all current carrying parts of the coil are segmented with capacitors. In transmission lines considered here, only the stripe of the line is segmented, while the ground plane is remaining unchanged. Series capacitors compensate for the phase shift in self-inductance of the transmission line section. This compensation results in a more uniform current distribution on the line and allow to build resonator, which is longer than half a wavelength. The uniform current distribution, in its turn, leads to homogeneous magnetic field. The equations for optimal values of evenly distributed series capacitors are given. The achieved homogeneity of the magnetic field is evaluated numerically and experimentally. The performance of the resonator is compared to a regular transmission line resonator.
II. CIRCUIT MODEL OF THE RESONATOR
In order to boost sensitivity of transmission line coils they are usually operated as resonators. Hence, the loading of implemented transmission line sections is either open-circuit, short-circuit, or purely reactive. Such a loading results in infinite standing wave ratio (assuming lossless case) where the distance between the consecutive minima or maxima is one-half a wavelength. To avoid dark spots on MR image and achieve reasonable homogeneity, current minima should be avoided. For that reason, coils based on transmission lines are almost always shorter than half a wavelength and proper capacitive loading is used to achieve symmetric current distribution along the line [12] - [14] . Further increase in the coil length will result in current zeros. An example of a normalized current distribution | I (z) | on a 54 cm long transmission line (propagation constant j j8, LL = 39 nH) at 298 MHz is shown in Fig. 1 (blue curve). Inductive loading, as in Fig. 1(a) , allows to achieve symmetric current distribution on a line, which is slightly longer than onehalf a wavelength. The current magnitude reaches maximum in the middle of the line and, as expected, exhibits two current zeros due to destructive interference of the incident and reflected waves.
It is, however, preferable to have a uniform current distribution. That would result in a homogeneous magnetic field along the line.
A more uniform current distribution can be achieved by inserting series capacitors Cs into the transmission line ( Fig.  1 (b) -example with four series capacitors). These capacitors can compensate for self-inductance of the transmission line by introducing opposite phase shift [15] . The loading capacitor C L , in its turn, is chosen to provide symmetry of the current distribution. This arrangement ( Fig. 1 (b) ) allows to avoid current zeros and leads to a smaller standing wave ratio than in the case of regular line ( Fig. 1 (a) ). The current distribution on the line using four series capacitors is shown in Fig. 1 (c) (red curve). As can be seen, the resulting uniformity of the current distribution is considerably improved.
In general, the higher the number of capacitors, the more uniform current distribution can be achieved, and consequently, the higher the magnetic field homogeneity will be. The optimal value of the series capacitors C s is found imposing condition of identical current distribution on all transmission line sections [15] :
where l is the total length of the transmission line resonator; N is the number of transmission line sections after inserting series capacitors (for example, using four series capacitors will result in N = 5); is the phase constant; Z 0 is the characteristic impedance of the implemented transmission line; f 0 is the operating frequency. A frequency of 298 MHz is used in all examples here, which is close to operating frequency of MR systems for hydrogen imaging with 7T magnetic field.
The expression for the loading capacitor, which will result in the optimal current distribution is derived imposing current symmetry condition [15] for l/N length line
For example, the calculated using eq. (1), (2) Knowing the values of the capacitors and the parameters of the transmission line, current distribution (as shown in Fig. 1(c) ) can be found using well-developed transmission line theory [15] .
III. DESIGN EXAMPLE
The approach described above is, in general, applicable to any resonator based on TEM, or quasi TEM transmission line. A more realistic example of a transmission line coil using suspended microstrip technology is considered in this Section. The impedance of the implemented suspended microstrip ground plane and the suspended Printed Circuit Board (PCB)) h is chosen such that the PCB is conveniently supported by the feeding SMA connector and is equal to 4.15 mm. The implemented PCB is based on FR4 laminate sheet with thickness h s = 1.55 mm. The perspective view of the electrically large resonator along with dimensions are shown in Fig. 2 . 
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The width of the capacitor plates, W s , is chosen the same as the width of the first line in order to minimize the discontinuity effect associated with the line-capacitor interconnect. The length of the capacitor, l c , is estimated using expression for the capacitance of flat, parallel metallic plates:
Apparently, such parallel plate capacitors is a significant fraction of the transmission line, therefore, the capacitor can barely be considered as a lumped element. Equation (1) indicates that the higher number of capacitors (smaller l/N ratio) leads to higher value of C s . Should we have chosen N > 5, it would be difficult to realize larger capacitors in the present configuration, and would require implementation of lumped capacitors instead. Full-wave simulations can take into account the distributed behavior of the capacitors as well as non-ideal behavior of other parts of the circuit.
To evaluate efficiency of the designed resonator in the presence of lossy tissue phantom, numerical studies were conducted. The simulated phantom has a shape of rectangular cuboid and placed 10 mm above the resonator. Dielectric properties of the phantom material correspond to properties of water at 289MHz ( r 1.59 S/m). Initial simulations showed slight asymmetry in current distribution due to fringing effects at the ends of the microstrip lines, non-ideal microstrip mode excitation and current through the loading capacitor (oriented normally to the ground plane). To compensate for that, lengths of the line sections had to be slightly adjusted (final dimensions are shown in Fig. 2 ).
As can be seen from the simulation results presented in Fig.  3 , regular line resonator exhibits slightly higher maximum field generated by a unit voltage generator with 50 Ohm impedance. The resonator with four series capacitors, however, offers better field uniformity along the line.
Segmented resonator in Fig. 2 was fabricated. External twoelement matching circuit is used to transform input impedance of the resonator to 50 . Photograph of the resonator as well as measured magnitude of S11 are shown in Fig. 4 .
The results of imaging experiments with saline water phantom using 7T MRI system are shown in Fig. 5 . It can be seen, that zeros are avoided. The image is a result of smooth field distribution over a larger part of the resonator. The intensity of the signal, however, is lower closer to the loading capacitor (left side in Fig. 5 (a) ). This is partially due to the loss in saline water and uncertainty in dielectric parameters of the implemented phantom. It can be noted, that the transversal slice (Fig. 5 (b) ) shows image, which is typical for conventional uniform transmission line resonators.
IV. CONCLUSION
It was demonstrated, that the large field-of-view (over half a wavelength) transmission line MRI resonators can be constructed using series capacitors. The approach is a simple way to provide the required field distribution over a relatively long length.
It is shown, that the profile of the current distribution can be easily changed using segmentation. Evenly distributed capacitors have been used in this work. It is expected, that a higher field uniformity over a wider field of view could be achieved using unevenly distributed capacitors with variable values. The circuit model based on transmission line theory was used in the design of a suspended microstrip resonator with four series capacitors. Comparison of simulated fields and acquired images indicates, that the approach is promising, however, the design would benefit from a more accurate model of the phantom. 
